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Preface

The work described in this report is pertinent to War Department
Project OD-03, "Study of Shock Waves" and to Navy Department Project NO=-283
YAir-Blast lleasurements.” The report constitutes a progress report under
Contract OLlisr-569 with the Woods Hole Oceanographic Institution, and is
one of the. final rerorts of this contractor, It was prepared as a part
of task A undsr Contract NOrd-9500 with the Bureau of Ordnance, under
vhich this laboratory has continued its work,

[ + E. Bright Wilson, dJr. .
Chief, Division 2, NDRC

Paul C. Cross
Research Director, UERL
(for Contract OEMsr—S69)

‘Personnel ‘e

‘

i

The work described in this report-has been carried out by a number
of people during the last three and one-half years.. It was begun at
Harvard University by E. B, Wilson, Jr. and D. F. Hornig.

The work has Leen gontinued at the Underwatsr Explosives Research
Laboratory under the general supervision of u. D. Kennedy; G. K. Fracnkel
has been in charge of  the electronics davelopment and haintenance; other
electronics personnel include C. w, Tait, H. P. Field, and R. S. Kuhn;
wiring was done by Nancy Sisson and 2, i, Olmsted. R. F. Arentzen and
W. B, Curtis were engaged in the non-electronic aspects of the work, in-
cluding the operational use of the apparatus. R, H. Cole and David Stacey
assisted in frequent consultation. SR

Paul C. Cross gt
Director of Research
(Contract OElisr-569) -
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For the purpose of measuring the peak pressure and positivo impulse in
the air-blast from high explosives, the apparatus used should fulfill certain
requirements in order to ensure tho accuraéy of tho results.: Those require-
ments are givon in detail, and tho apparatus vhich was dovised, construcied
anhd used by the Underwater Explosivos Research Laboratory for air-blast
measurements by means of piezoelectric gauges is deoscribed. -

The apparatus makes uso.of cathode-ray oscillographs by means of vhich
the amplifiod output pulses from piezoelectric gaugos are rocordod in porma=
nent form by cameras. The units of tho apparatus-which.perform the calibra-—
tions of the dofloctions on tho oscillograph scrocn in terms.of voltago and
time are describod. Cameras of two typos, one involving fixed film, which
necossitatos tho use of an oloctronic sweaep-genorator, the.other using moving
film, aro described. The circuit diagrams for all units of the apparatus,
including amplifiors, powor supplios, timing units, mastor controls, and so
forth are givon and discussod.

Cathode-ray oscillographs of two typos were used: in ono type of an~
paratus, the Duliont type 2UB oscillograph was the basic unit; in anothor,
an oight~channel oscillograph which was ‘espocially dosignod for the purposa
was usod., - A mobile laboratory, housod in a semi-trailor, and equippod with
tho apparatus nocossary for air-blast mcasurements on borbs and charges of
many types and sizcs is dascribod.

Tho technique of measuring tho shock~wavo volocity, from which tho poak
pressure may bo calculated, is described. Tho oquation which rclates the
prossure to the-volocity is prosonted and tho application of tho mecthod in
practico is discunsod. v

Sonio discussion is ‘givan-of tho ax aaratus ‘usod “for s‘zppcrtin’ gaugos
and chargos, and of tho cxpofifMiental procéduros witich havo bucn found useful
in fiold work.

Roproductions of typical oscillogrdis ohbtained with tho avparatus aro
prosontad, and tha precision and accuracy of rosults which hava boen obtainod
aro discussod. Sl : :

IN TRODUCTIO. ¢

AR i s P ’
L T T ¥ o

Among the many explosivo weapons uscd for military purposos,’ a largo
numbor dopond for thoir offectiveness on the blast wave rroducod in the
air by the detonation of tho explosive. This pressuro vave is rasponsible
for a considorablo part of tho damago producod by asrial bombing with high
explosives to structurcs such as factorios, dwollings, fortifications, and
ships, as woll as.the offectivcnass of oxplosivos in - tho clearanco of mine=-
fiolda. A knowlodgo of tho propcrtios of blast wavas is.usod in ovaluating
the damago causad by oxplosions 'in ordur to decasign moro officicnt w:plosivos

=7 =




=Dl

and explosive devices, to plan tactical uses of explosives, to develop
structures capable of withstanding the effects of blast, to dotermine tho
-danger of blast to friendly porsonncl, to design cxplouivc storago igloos,
-and so forth, -

A ll.rzc quantity of energy in the form of hcat and light is liborated
by the detonation of a high explosive; gases are produced at a high tempara-
ture and prossure, and a prossure wave, known as a.shock wave, is sant out
into the -urrmmding medium from tho center of:the detonation. A shock -front
is a discontinuity of pressure which is believéd to odcur vd thin an intorval
of tho order of molecular dimensions. In addition to tho pressuro disconti-
nuity, a shock-front is accompanied by an slevated terporature -and by:motion
of thoair whioh, togqther vtth thol velocity of . tho mock are rolatzd totho
.hock, W”m-a 1 taiht rLe 4 ;

33 'l’he preseuro in thc dmck wavo': is a func:bion of tha ‘dist,:u'zc~ fror. the
chu-gc wd, at a fixed distance, is a function-of .timo, - At:fixoed :distances
(greator than a few chargs radii 'from tho dctonation) the prossurs in tho
-shock front rises'to its peak® valuc in a''time which is effgctively instan-
tancous, decays gradually with tima until 4t ruachos a minimum, which is
below atmosphoriec prossura, -and thon returns slowly to.: atmoapharic progsura.
Figure 1 is an idealizod plot of this type of pressuro-time:curve at:a fixod
distanco from the datonation of a high oxplosivo in air.

k) PR ek S e e ; 3 &

e saiers T TP PRESSURE[
) . p L 5 !'
I TIME
Po - bl

P, = ATMOSPHERIC PRESSURE
P = SHOCK WAVE PEAK PRESSURE
T = POSITIVE DURATION :

HG. I, PRESSURE VERSUS TIME AT A FIXED DISTANCE FROM
THE DETONATION OF A HIGH EXPLOSIVE IN AIR,

Tho maximum valuo of the pressure in tho shock wave in axcuss of
atmosphoric will, for tho purposus of this report, bo called tho poak pras-
suro, and the timo roquired for tho positive pressure to docay to atmos-
phoric prossure will be tormod tho crossing tims or positivu duration.
Roforring to Fig. 1, tho shadod arca boundod by the positivo part of the
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pressurc curve and tho axis of atmosphoric prossuro, J p(t)dt, is-callod
the pesitive impulse or pesitivo mmntum. 'I‘ho paranctors ordinarily usad
in characterizing blast waves arc the peak pressurd, tho positive -impulsc,
and the pesitive durlticm of thesc the, po:it.ivc duration is probably the

least important.,

% The poak preuuru has vary high values closo to tho contor of tho ox—
plosion and decroases to zoro (that is, atmosphorié prcssuro) at largo dis-
tances. The positive impulsc is boiievpd to havoia 16w valuo closo to tho
explosion, ingreasos to a maximum and thon' docroasos with incroasing
distance t1 Tho positive duration is thought %o inéréase with distancc
from an initiall,' small value, For sphurical or cylindrical chargos thaso
paramotors can be oxprossed approximatoly, as functions cf ch:u-o.. woight and
distanco, by the follewing uquationss

)
Pei S e 85

3
[ I &'y (E]!i) § (o 2).
: ] h % 3 ‘ X 1/3 !

; | ° e () e

w

whord P paak pressurg ‘(in excess of atmosphoric prossura) .(1b/in%)

I = positive irpulse (lb-msec/inz)

T.= positive duration. (msee) °

w = charge woight (1b)

r ‘= distance from chargo (ft)

A, B, C, ¥, m, and n arc constants. which dopond on the naturc of the
charga, .the prossurc ragion and tho conditions of measuroment. .
They are to bho rogarded as constants only over rulativuly smll

rangcs of w’/“/r. .
{The units in paronthaaos ara thoso most comonly usad. )

TS b T e

v ey

Tho uxpor- ont g in Eq. (0.1) varios from sboui +1.,5 in tho lower prossurc
rogion (ca, 041 1b/in%) to about +3 at high pressuro lovels. In gonoral it
. is somawhat groater for measurcments mado closo to the ground than for
nuasuromanta in "froc air" and appsars to Lo highor for hoavily cased chargss
than for baro charges. Tho factor A in Eq. (0.1) dopends on tha naturc of
tho oxplosiv..v, thé location and tho shnpo of tha \.h:u'gu, and tho -uight of

A

' S All nunbors in brackcts rofer to tha List of Ra f\.runc\.s at tha aond
of this roport. . . .
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4ts casc. Tho valuoc of A for baro cylindrical chargses in froc air is about
250 (in the units given @bova) in tho rogion of prossures from 1.5 to 15
1b/in? [1]. It is smallor for cased charges than for baro charges.

Tho axponent m in Eq. (0.2) is usually loss than +1 and, accerding to
thoorotical prodic'f:icns, is nogativo noar tho charge. Both m and B are
affoctod by tho same variasbles which affoct n and A, Tho valuo of B is
about 80 (in tho units givan above) for bare chargos on the ground in tho
rogion of pressurcs from 1.5 to 20 1b/in% -Tho oxponent ¥ in tho oquation
for the positive duration [Eq. (0.3)} is nogativo and quitc small at very
1éw pressures and increascs to largor nogative valuos at somevhat higher
prossuros.

The velocity of propagation of tha shock front docroases from supcrsonic
volocities at high prossuros to the velocity of sound at low prossurc; and
the particle velocity behind tho front docroascs from spoods woll In cxcess
of. the spcod of sound (at high prossures), to zero at zoro oxcoss prossuro,
The temparature of tho air behind the shock is also very high at high pros-
sureos and docroasos to tho temperaturo of the atmosphare as tho axcoss
pressurc approaches zoro. v :

L2 PRES S

Ordinarily the pressure region in which moasuroments arc mado doponds
on tho uso of the woapon or oxplosive boing invustigatod. Tho largost num-
ber of prossure moasuroments havo becn mado in tho rango from 3 to 20 1b/in%,
which is the rango most important in'considoration of blast damago to urban
structures. With weapans intsndod for use in mino claarancs, moasuremcnts
have baen mado up to prossures of 150 1b/inZ, and invostigations at much
highor prossuros aro still requirod, Investigations of tho anti-porsonncl
offocts of blast and tho offoct of hlask on fortificetions and uxplosive
storago magazines also nocessitats Triasuromonts at high prossurcs, vhilo
for spooial purposos pressuraes bolow 0,02 lb/in?( have boeon rocorded.

Tho sizo of chargas on vhich tests arc mado varies from vory small
charges, uscd bocauso, of their convenionco, to full scalo sarvics. woapons,
Cylindrical and sphorical charges of 13ss than 1 1b arc not ordinarily
studiod, but equipment similar to that describoed in this roport has boen usod
to measurg tho blast from charges as large as 20,000 1b, and michanical gauges
have boan dsed to ‘study’250,000 1b chargos. Undoubtodly an atomic bomb, or
tho approximately oquivalont 20,000-ton THT chiwrge, would be tho largast
charge of interest ‘at:tho preosent timo. . i

. L] [ R A

Not all prossure-time curves hava the idéalized appuaranco depicted in
Fig. 1, vhich ropresents tho blast wavo from a barc, or urcased, chargs in
froe alr. - A record from a’cased’charge would includo; superimposed on tho
main curve, small irregular prossure waves which arisc from the fragmonts
that -fly out firom tho.auxplosion at. averago velocitios which, in the rogion
of pressuros usually of intorast, are in excess of tho averago shock vave
volocity. Lultiplo ponks, that is, sharp discontinuitiocs of pressurc similar
to tho initial peak, occur on rocords made off thc ends and corners of
chargos, in measuremonts on unsymmetrical chargos, and in racording rofloctions
from the greund or othor obstaclas. Tho occurrance of a socondary poak (much
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smaller.than tho primary poak) in tho negativo region of tho prossurc-timo
curve, 1s quite common. Tho pressure-time curves rocordod by blast gaugos
at pressures abovo 20 or 30 1b/in% are very irregular comparod to the rola-
tivoly smooth curves at lower prossurss. The prossurs in thoe positdve
rogion of tho prosiuro—timo curvo dacays lincarly with timo at pressurcs
bolow about 6 ].b/in but at higher prossures it tonds to npproxin'xtc a
negative exponont.ial curve,

The pressuro curve from an oxplosion in an onclosod space is quite
difforont in naturo from that in the open air. It containsg a large nurbcer
of.roflections from tho walls of tho onclosure and consoquently the distur—
banco lasts for a much longer time than for a similar cxplosion in the opon.

Differcnt invostigators havo studied nany of the propertiocs of blast
wavas [1]. Tho most oxtonsive work has bocn concerned with tho comparison
of different explosives, but investigations hava alsc boen made of tho
physical variables which affoct tho blast wavo, such as the chwga woight,
tho distance from tho chargo, tho height of the chargo above tho ground,
tho naturo and weight of tha caso surrounding the oxplosivo, -tha shapo 'nd
oricntation of tha chargo, tho atmosphecric prossuro (that.is, altitudo), and
so forth. 1In addition, studiea hava boon mado of tha blast in enclnsed
spaces, of tho offcct of cbstaclos and barr{ors ; and of the blast from guns
and from slow-burning oxplosiyos (SBX). Almost all tho.investigations which
have beon carried out to dato were made during World Viar II and wor: in-
ténded to provido an answor to particular milttary. problems; consoguently
a great many of tho funda.mnt.'tl propex‘tias of bl’xst waves still romain. to be
studiod. 3 -

The oquipment describod in this report 15 uscd for the recording of
prossure~timo curves from oxplosions in air, Thiso inst.rumnts, tho dovaolop=-
mont of which started on a small scalc in iugust 1942 at Harvard University,
aro dosignod to be used with tourmalina picgoolectric gauges. Tho componcnt
parts of the blast~rccording apparatus are discussud in detail; and this
discussion is followod by a description of the twe complste units now .in uso
at UERL. cansiderab'le attontion is paid to the requiroments of di.ffercnt
typos of oquipm,nt. for measuring air blast, vith pawticular emphasis on
apparatus used in con;junction with pilezoeloctric gaugos. The dotermination
of pressurc from rbasurcmnts of the valoci.t.y of propng:.t.ion of - the shock
front is also discusscd. : 5




Chaptor 1

EXPERIMENTAL METHODS FOR THE liASUREIZNT OF BLAST WAVES IN AIR

Investigations eof the proparties of explesicns in air are made by
rocerding the pressurc~time curvo or the paramoters of the pressurc~timo
curve, such as. the poak .pressurc and positive impulsc, by photegraphic
lmd:lu of the shock wave and fragmont distributions , by moasurcnents of
ground shock, by measurcment of the displacement, strain and damnge preduced
: structures, and by studies of detonaticn phonomom. The tochniques for
muuring the blast paramsters invelve the use of ‘machanical and eloctrical
gauges. ,The pressuro can also be doterninod by mnsuro'wnt of the shock-
front. propagatién valocity‘ 32 f . 4t

e i
.

. Hedxanical gauges aro usod in the measurement of air blast, althoeugh
these gauges, which are mich simpler than the electrical svatcns ‘hava nct
bech doveloped tc the point wherc pressurc-time curves can beo rucordod with
adoquate fidelity. Mochanical gauges aro discussod:in Ref. [2] and [3]). A
summary of photographic mathods is givon in Rof, [1). ‘Theso techniqués will
noct be described in this ropert. !

.The absclute pressurc in a shock wave can, bo deternined by measuring
the voloc:lty of propagaticn of tho shock. This method depends on the theo-
retical relation betwoeen prepagation velocity and pressure which is derived
from the Rarkine-Hugeniot.conditions. Thzsc conditicns arc based cnly on:
the consoervation of mass, mamontum, and Cnargy across tha shock front and on
the propertics cf tho. md:lum. This method is cf considerable importance
because the dotomlnatim of préssurc canbe made without introducing a

3 dieburbanco .in, the rogion ‘of mdasurariont due te the prosonce-of a rocerding
: instiument of f:l.nita sizo. The method of miasuring shock volocitics is
desoribed in deteil in Appandix 8

-

s (h\ly the elcctrj.cal methods for recording pressure—timc curves will be
d:l.scuued in ‘this’ chapter. 'All srstems for this‘purpose have cértain.common
_characteristics which include: (1) a pressure-sensitive pickup or gauge;:
(2) a means of transmitting the gauge signal to‘the rocording station either
directly, after amplification, or by means of-a modilated capricf wave;

(3) amplifiers, detectors, and sc forth at the recording staticn; (L) a
recording instrument such as a cathode-ray tube; (5) a time base; (6) a
camera or cther device fer obtaining a permanent record of the pressure=tine
curve.

The general requirements which electirical methods of measuring pressuro—
time curves must fulfill and a brief comparison of the more important elec—
trical systems will be discussed in the following. The requiraments of
equipment for the study of blast in enclosed space are somewhat different
from those given here [L].

-
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.1 . lpquiromtq o; a blast~measuring system

§ 'thn roquiru\mt. imposed on equipnent for measuring air blast are
governed primarily by the size and nature of the charge and by the range of
pressures to be measured. It is not always practica.l to use one sot of
equipment for-measurements on large and small’‘charges because: '{1) there
is considerable difference in frequoncy-response roquirements and (2) the
problems involved in the location of the eqiipment are quite differént,

(a) ﬁmmnjy —— The sensitivity -of the-measuring systom fmst bo
sufficient to rospond to the lowost prassures encountorod, and & means of
reducing the sensitivity is necessary in order to record the highest pros—
sures to be measured. The range of pressures which have been measurod at
this laboratory extends.from 0,02 1b/in% to 150 J.b/in., although a fow
measurements havo boen made at about 700 1b/in% Specialized applications
will probably requiro more detailod study .of the high pressure rogions than
has hitherto been undertakon.

The sensitivity of the rocording oquipment must bo constant during the
intervals between sonsitivity calibrations. In many casos, although only™
infroquent calibrations of the prossure-sensitive pickup aro mado, tho rest
of the apparatus is calibrated immediatoly beforo and aftor each oxperiment,

(b) Linoarity. —— The system should bo lincar, usually within 1 percent,
ovor the ontiro rogion for which it is designod. Non linearity occurring
under dynamic conditions is discussad in Sec. 1.1(f).

(c) Froedom from hystoresis. -- The system must also bo froe from
hysteresis, that is, its sonsitivity should bo independent of its provious
history.

(_t_i_) Froquency-responso characteristics. == Tho rosponso of tho rocording
equipment should %o \m%om over all the important froguoncios: which make
up the frequoncy spectrum of the transiont pressuro signal; thoso aro prima—
rily a function of the charge wsight and tho pressuro level., In tho measurc-
ment of transient phonomena it is moro logical to-considor ths transicnt
responso of tho olectrical and mechanical components of tho racording system
rathor than the more convontional steady-stato sinusoidal rosponse [33] =
A functibn in vhich the prossure decays linoarly with tima at tho gamo rato
as tho decay in tho initial portion of thae pre.,sure-timo curve is usod as a
mathomatical revresontation for det:rmiining tho high-froquency tompononts
of the prossure-time curve. The function

o

Pep (1-‘;;) ' : ‘: (1.1)

whoro P = the prossuro, P, = tho p'-alr predsurg, and t = time moasurcd from
hie initial poak, is of this form, Tho time £ at which P = 0 will be tormod

tho initial decay-timo; it is approximately aqual to tho positive duration

at prossuros bolow 6 lb/in , but at highor prossures it is considersbly lass
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than the positive duration, due to the exponential character of the prosswro
wave. The positive duration is used as a parameter to indicato the low-
froquency components of the pressurc—time curve. Tho individual components
of the apparatus which dotermine th: reasponse charactcristics, and which arc
most conveniently considored scparately, are: (1) tho pressurc-sonsitive -
pickup,. or gaugoe; (2) tho cables and transmission apparatus; (3) amplifiors,
d.ntocml, and so forth; and (L) the rocording dovica,

(1) . nse of gaugo. A finite time is roguirod for tho
shock wavo m acrou a gauge. This time, which wi1l bo called the
gauge-cmsing time, depends on the diamoter of thc ‘gauge and the volocity
of propagation of the shock front.” For the usual prossurc-time cirvs, which
decays-with time, an error is introduced by tho finito ‘gaugo~crossing timoe
wh:lch causos the moasired prossuro to be too “lLow [8] The' error is givcn by

el o jod 4 s,

whoro 61 the fractional crror in the poak prossurc, = g:sugo-cross:mg tim
in mi1liseconds and. # is tho initial docay-timo of tho prossurc-tinn curve
in nillisecondl-'_n i = &

; The usu.l.l practice at this laboratory ia to mount the gauge with its
sensitive faces perpandicular-to the shock front. This oricntation, called
%odge-on," is used in order to minimizo tho ,.ncr:nso in prossurc.on tho
gauge by refloction of the- shock wavc and tp decrzase intorforonce offacts
botween tho sound wave sot up in ‘the gauge and the pressurc yave in the
air [8). It also serves to roduce the strongth. rcqu:u'od in the ~:ugo to
resist the force exortad by, the shock wavo.: =~

8inco most gauges aro of circular cross—section, the crossing timo for
a gaugo usod. edge~on to the shock is dotermined by tho dismoter of its sonsi-
tive portion. . Thus ¢ = a/U whorc 'a = diamotar- of ‘the gauge - (ft) -and U = shock-
' front propagation volociw in ft/msoc.

If a gaugc :l.a to introducc an error of no more than 1 porcont in the peak
pressurc ‘of a wavo from a 2-1b chargo at a prossurc levol of ‘75 1b/in%, its
maximam diamoter is limitod to about 1/6 in. For the rwasurcment of the
pressurc wave from a 10 000-1b borb at a prossuro levol of 3 1b/in%, howover,
a gaugo 10 in. in dian\etor is satisfactory. "Tho corresponding initi'tl dccay
times are 0,2.and 60 -msec, respectivoly.

An additional 1limit to the high-froquency rosponse of a gauge unit is
impased by its natural resonant froquency. In the case of crystal gaugos
(int vhich prossure is applied directly to the gauge without use of diachragms)
the resonant froquency is so high that in actual practico it does not con=
stitute a limitation. In the caso of diaphragn gauges (such as condonser
microphonzs, strain gauges, and so forth § tho resonani fraquoncy of tho dia-
phragn doaes constitute 2 practical l:l.nit:ltion. Elovation of the rasonant
froquency by increaso of diaphragm rigidity rosults in a corrasponding loss
of sonsitivity and in such casos it is neccssary to adopt a suitablo compro—
mise botwoen the domands of sensitivity and high-fraquoncy responsc.
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Certain types of gauges respond to a static chango in pressure, that is,
they have full sensitivity to signals vhose frequency approaches indefinitely
close to zero, but other types, of which the most important 1s tho piezo-
electric gauge, do not possess this advantage. The low=frequency response
of a piezoelectric gauge, for example, is limlted by tho fact that tho charge
produced by the gauge leaks away through the finite resistance'of the gauge
circuit. The decay is exponential in character, its-rate boing determined
by the product of the total capacity and the leakage rosistace (that.is,
the time constant of the gauge circuit)., -In Rof. 25 it is shown that, duo
to the time oomtlnt of . the gauge circuilt, tho measured, positive impulse
1s.lower than -the true value by a fractional error not in excess of

B Gy )
o T I 5 (1.3)

where T 1s the posal tive duration of tho wave and A, is the time constant of
the gaugo circuit. For example, the timo constant required to introduoce an
error in the positive impulse of no moroe than 1 percent-is approximataly .

,70 msec for a wave from a 1-1b charge at 10-1b/in% pressure level and lisac
for a wavo from a 10,000-1b borb at 3 1b/in? The corresponding positive:
durations are about 1 and 60 msec, respectively,

(11) Cable responso. An unterminated transmission line causes approciable
distortion in the pressure signal if tho length of the line is a largc frac-
tion of the quarter—-wave-longth of the higbast important frequency component
in the frequency spectrum of the transient, This distortion can be eliminated
if tho line is properly terminated, but other circult requirements at the

ends of tho cable may somotimos prevent exact matching of impedances. Such

is the case, for cxample, vhore tho use of piezoaloctric gauges necessitatcs
the mairttenance of high impedance. If modulatod carricr waves are used,
high-frequency tormination 1s almost always necessary, but this problom has
not’'been investigated at UERL,

Two types of distortion are likely to occur in short as well as long
cables uscd in the circuit of a plezoocloctric gwge: ono type of distertion
is due to simple loakage across thc cable, recsulting in a lowering of the
timo constant of the gaugo circuit. Tho other is dué to dielectric dispersion,
that 1s, a change of capacity with frequency, rcsulting in a frequency de=
pendonce of the voltage developcd across tho cable. Distortions which might
be prosent in radio transmission of a modulatod c'xrri.:r-wavo syston have
not been investigated at this laboratorv x ;

(111) Amplifior fraquency rosponso. To .a satisfactory degree of ap~
proximation a multi-stage amplificr can usunlly be represented by an cquivalont
singlo-stago amplificr,

The sinusoidal high-froquency-responsc charactoristics of a single-stago
resistanco—capacitance or direct—coupled amplifier can be cxpressed in terms
of an equivalont exponcntial response to a unit-step function. The responso
to a transiont signal which doc:lys linoa.rly with tim is ..uch that tho poak
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a.?li,‘budo- rocerdod '1s too low by a fracticnal error 6, givon by

&, = fin (1 g ) o (1.4)

vhore 4 -«/,6 and ;5 isthe time in milliuoconds in which the lingar signal
ddoays to zerc amplitude; it is cquivalent te the initial decay-time of
the pressure-time curve. This equation can bo cbtainod frem equations given
in Ref. 8 or 33. As the time constant of the oxponuntial responsoc of the
amplifior in. dcon

jconds ‘and is oqual te the product -of the effcotivo.load.
rosistance df t.hc amplifier .with tho tetal capacity shunting the load re—
sistmca.

tr«z‘u -4n kc/sec at which the amplificr responso 1is d/:r'rn
npproﬂmtely 3 0 poroont) from its xnidband va].uo is given by

=1/3 nK, :

A mltistage auplitier i thout . high=-froquency compensation.can also be

-represented by an oxpenential respensa to a good dograo ‘of approxination,
and oven:-a. coq)enaa.tod amplitier is roason:bly wll roprcsonmd in theso
torns. X

2% I nctua.l practice: the a.mlif.‘iar raceives a aiunl vhich h’v.s alrpeady
beon disterted by the gauge..

Thoe maximun amplitudo rocordod by tho —'u:pl...fiur
is %g;or than tho mximm output of tho gaugo bv a: fracticnnl errer 6 gliven
by ek

R Ry 'ﬁfn[‘l+—(1—a-a'h)] (1.5)
1hero a- T/4, A= A/$ ‘and the other notation 1s the -same as dbove.

The’
actual’ appoaranca of tho distortod transient is shown in Refs. 8 and 33%

'l'ho total error in. poak. prossure duc to attenuation of high froquencids in
the gauge and anplifiei- 18’ the sum of tho two corroctions, that is, &
If 6

f+ 8 .
1
3 is known to ba 1 perccnt and it is requ'Lrod that tho amplificrs introduco

an additicnal error 53 not greator than 1 percent, tho amplifier must have
wquil o 300 ke/sec for the case ‘ef a wavo from a 2-1b chargc at a pressurce

lavel of 75 1b/in%, and an fo cqual to 1700 cps* for tho crse of a wwo from
a 10,000-1b benb at a pressuro level of 3 1b/in?

* Any amplifier which is not diroct coupled will distert the lew=froquency
compenonts of the prossurc wave.

An uncompensated rasistanco-~capacitanco=
coupled amplifior with an over—-all timo constant A; causes tho moasured posi-
tive impulse te bo tco low by a fractional orror not in oxcoss of [25, 33]
-2L
I % (1.6)

whero T 1s tho positive duration of tho prossuro wavo.
mont wif

For an impulsc moensurce—
th piezoelactric gauges the total fractional orror dus te tho timo

The abbreviation cps is used for cycle/sec.

l'xc



constants of the gauge circuit and the amplifisr is
. J ,“a',’a_ ‘
A=A +4 g-'r ——.—%1. (1-7)

dog e 3 MY/ ()

-hm-' is ths time constant in ths gauge circuit-. This correction 1s not
entirely accurate for compensatsd amplifiers. . .

(iv) Rec devicss. The frsquency respondio ef a cathode=ray tube
extsnds past rangs of frsquenciss to which moa% othor rocording dsvicos
will rsspond, and conssqusntly cathode-ray tubss carn'bs‘used in tho measure-
ment of blast from all types of chargss. Rscording devices with a lower
high=frsquency rssponss -than cathodo-ray tubes, such as string galvanomoters,
can be ussd only for ths measursment of pressures from largo charges.’

(e) Time-base rssolution.-— Ths rssolution rsquirsd on ths photographic
record of a pressure~time curve 1s govsrnsd by ths positivs duration of ths
pressurs signal. A resolution which will maks ths displacement on'ths film
corresponding to the positivs duration slightly lass than-ths doflection on
the film corrssponding to the psak pressure is adsquate for méost purposos,

(£) Intsraction of ths gauge with the shock wavo. == Tho physical proo-
snce of a gauge causss a distortion of the field of mass f16w behind a shock
front, This distortion rssults in a Bornoulll offect, subj2cting tho gauge
to a hydrostatic prsssurs somewhat lowsr than the true hydrostatic prsssurc
bshind the shock front [23). Sinco the mass velocity incrsasos with pressuro,
ths pressure recorded by tho gaugo bocomes propértionatoly lower. than tho
true valus as ths prossure lovol incrzases. Thus tho' gaugo sensitivity will
bs a nonlinsar function of dynamic pressurc svon if it is a linear function
:of static pressuro. All prsssuro pickups of finite size are subjoct to
this nonlinearity unlsss they ars built into a properly constructed -
vafflo [23]. Unfortunately, ths importanco of “the 'air-flow offoct on blast,
‘msasursments has boon roalized only rocently [6, 7; 8] and most gaugos usod
to dato wers not designod to minimizo orror from this sourca, ‘

: The accoleration.of a gaugo by tho impact of tha.shock wave.is known
© Yo introduco a spurious -signal on diaphragm typo zauges [14]. Tho offoct of
accoluration on':piuzoeloctric gauges is not knowm. - .- G

. (g) location of the rocording oquipment: =- Tho location of prassuro
pickups doponds on problom boing invastigatid; gauges have beon located
on the ground, a fow inches to 20 or 30 ft abova tho ground, noxt to obstaclos
and inside buildings, ships ‘and tanks. 5

Tho operating personnol, who aro usually at tho samo’'location as tho
rocording dovico, havo to bo at a safo distanco from -the oxplosion, For
small charges, distances of a fow hundred foct aro safo; 1100 £t 1s sufficient
for chargos woighing up to 10,000 1b; but for very largo charges, distancos
of many milos may bo roquired. Cablos are gcnerally used for transmitting
tho gaugo signal to tho rocording oquipment, but radio transmission is ro—
quirod in cecrtain applications.
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zcnoral, the system must be capable of transmitting tho gauge signal
over the required distancoe and must incorporatc provisions for the protoction
of the transmiesion oquipment, recording oquipment, and personnol,

(h) Froodom from ous e 1g. -~ Spurious signals can be producod
in the rocor equipmen pressuro wavo, by othor phonomena accompa-
nying the oxploeion, and by tho blast~measuring ocquipment and associatod
apparatus.

(1) Cablo eignal. Spurious signals may be produced in the cablos con-
nected to gauge, or in tho gauge 1tso].€ by tho pressuro wavo, ground
shock or fragment bow-waves. d

{41) lMdcpophonics. MNdcrophonio eignal from .vacuum tubos and asgociated
olectronic equipment can bo excited in. a.ppa::atua .oxposed to the blast, frag-
ment bow-waves, and ground shock. Microphonics may also be caused by mchani-
cal vihra'dpn md noiee near the instruments. _, Ll s

.-..—.--.—-.—. -

o '(:Lii) . sig 3 “., There are two sources of thernql sl gnal, ;tn an.
oxploaiom . ; qyeloped in the oxplosion is rpdiated .o ‘the gauge, and
_ the: temperature in %ha air behind tho ghock front is elgvated by adiabatic
‘comprossion,’ The:bype of, signal producad in tho gauge from thosq sourccs is
a pyroelectric eignal and ie not to bo confused with the change in gsensitivity
. of the gauge with temporature, which.is usually associated with a tquperaturo
coaefficient of sonaitj.vj,ty...l’yroolqctric slgnal -can-alsobae-caused, by changes
in local air tmcra.ture or by .the absorption of. eolar radiation by the r:mrvo.

(iv) "1{'_% iont clectri‘ca;. signals. A transiont olectrical eigm.l ray.be

pickod up e recording oquipment from tho cloud of ionized gases liberated
An .the dotonation oither by radiation or, if any of. tho apparatus is.closo
onough to tho, oxplosion, by - conduction. Obhnr copmon- t«zbanaient signals which
may bo picked .up are from 'l.he current used tq inifiste’ the detonataor, from'
mchronizing pulspe tQ instruments and canoras, and, f_pom sudden chandes in
load on the.’ power supply. = Direct fragmont hi',hs on opblc.a or cquipmont befora
'rooordins ig complotod ﬂlll .of coursg, inf.ori‘urd‘ with tho rogords.

nale, Ha.ny difforant kinds of spurious cloctrical

2 p nt. Thaso sipnals fa11 into’ tmo, cato—
gorios: " thoeq. Jyhich arp pickod up whan no ca.blos or ‘othor connacti.ons aro
made- axternal ‘to the amglifior in tho rocording unit and thosc \hiqh only
bocomg, ‘apparant whon all dompononts of .tho gystom arg connoctod toguthir,
Tho first tipo of. sigrial can bo from aar of tho usual sources; 60 cps from
transformors, power linos and gonecrators, high~-frequency pickup from motors
and gonorators, pickup from oscillators, spurious oecillations such as
pe.raaitics and motor-boating, and so forth. The sacend category includos
radio signal, 60 cps, particularly from genorators and povur lines in tho
fiold, and ignition noise fron generators.

(i) Roliability and simplicity. — The tosting of tho blast from cx—
plosivee, (partic ro~n gC chargos) involves considerablo time and
axponsc, and froquently tho tests cannot bo ropsatod. Consoquontly tho
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blast~measuring equipment must be reliable. All the cquipment has to with—

stand the effects of the explosions as w2ll as frequantly unfavorable operating

conditions. Convenience and simplicity of cperation are Lmportant, particu-

larly.for mobile and portable oquipment. Semiautomatic operation is ari‘aid

in preventing human errors and in g ceding up the rocording of small chargo

measurements, in. whieh over 30 shots por ds,y m.v be measured with one set of

equipment,

1.2. Comparison of electrical methods for the moasurcment of pressurc-time
curvos.

A1l of the olectrical methods of dctc‘mining thc pressurc-ting curva
from an explosion in air depend on the measurcmont of an olectrical signal
due to mochanical displacement produced:by the pressure wavo in the clemants
of a pressure-sensitive pickup. The main characteristics of the.rccording
aystom are goeverned by the nature of this pressurc pickup.

A comparison will ba made betwacn plezoclectric, condenser—microphene,
and resistance~strain gauges, and botween tho cloctrical recordirng systems
used with these gaugus. These are the types of gauzos used to the greatust
oxtent for the mgasurcmcnt of air blast in Grodt Britain and tha United
States; other eloctrical mothods of méasuring blast ara mntioziad )rici‘l,,r in
‘Ref. 1 and Rof. 8. g . ’ ¢

{a) Piczocloctric gauges. —- Certain classcs of crystsls, wlon subjocted
‘“to mechanical stross , hava tho propcrty of developing clectrical charge on
variouds orystal faces. Such crystals are called’ "piozoolcetric.t

Piczooloctric gauges have becn used by most of tho laboratorics cngagod
ir ‘air-blast ‘moasuroments, and most of the rosults now avallable werd ob-
tained with such gaugoes. ’

Piozocloctric crystals for use in the monsurement of shock wavos in
air must be divided into twc groups: these which rospond to hydrastatic
préssurc, and those which do not. Tourmalinc and lithium sulfate aro in
the first class; quartz, Rochellc salt, and ammoniun dihyirogen phosphate
(ADP) are ir the seccond. A housing is gcnora.uy placed arocund gauges made
of suwstances not sensitive te hydrostatic prossurc se that the application
of pressurc is restricted te certain of the crystal faces.

Piezoclactric gauges havo boon found te be lincar vd.th static pressurcs
ranging from loss than 1 atmosphora tc n fow hundred atmosphoroes.

Piozoulectric crystals arc alsc pyrcclectric, that is, n change in the
tomperature of tho crystal produces a charge., A uniform incroase in tempor—
ature,’ like a deersase in hydrostatic prossurc, causos the crystal to oxpand,
sc that the charge developed is of opposité polarity tc that developod by
an incroase in pressura. Plezocloctric corystals vhich arc not hydrostatically
sensitive do not yield a pyroclectric signal wheon subjocted te 2 uniforn
tomporature-change. Howevar, in practice; thermal gradionts are prescnt which
givo risoc to a pyroclectric signal oven in non-hydrostatically sengitive
orystals, and the polarity of the signal doponds on the particular piezo-
eleoctric moduli affoctod by the thermal grndionts.
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The tomporature coofficient of the plezcoloctric censtani of scme
plezoclectric crystals, such as quartz and tourmaline, has beon found tc bo
very small (in measuroments made at this laboratory) over tho crdinary rango
of outdoer tomperaturos, although cortain othor crystals, such as Rochello
salt, havo a large temporature coefficiont in this rogion., The temporaturs
coofficiont of the piezoclectric sonsitivity is not simply rolated to the
pyroelectric coofficiont,

The charge genorated by a2 piezocolectric crystal distributes itself -
aver the parallel capacity C of the gauge circuit, the vcltage devolopod at
the input to the 1ifior being inversaly proporticnal to the magnitude
of this cqmity.u?&ao Appondix II, Ref. 89 As peinted cut in Sec. 1.1(d),

the prosenco of finite leakage resistance R introduces an cffect equivalent
te low-froquency distorticn; hence it is nocessary to maintain a valueo of
the time constant RC of the gauge circuit high encugh so as to, jntroduce
negligible error in the meoasurement of the pesitive impulso, f p(t)dt.

(<]

For large values of positive duration I, vhich occur whon measuring
she blast from largo charg:s, it ias nocessary tc hava corrzspendingly large
valuos of the timo constant. This can bo achieved by increasing tho.paddin
capacity C (R boing always maintained as high as possible), Since an in-
crease in C produces & correspending decrease in available signal level, it
is froquon?ly necessary to sesk a2 suitable cerpromisc botwoen tho demands of
low-frequoncy responso and amplifior scnsitivity. Tho quantitative n2ture
of theso requirements alsc depends upon the pressurc.level at which moasure—
ments aro to be mado and on the cculorb. sensitivity of the gauge. Soe
Chap. 3 and 5- e

Quartz and tourmaline arc the most comionly used substances for air—
blast measurcments. Rochclle salt hns alsc been used, as well as ADP,
Lithium sulfate has recently been suggosted, but has net been tested 2t tho
time of writing, .

The cables used to connect tho gauges tc the amplificrs hava becn as |
long as 1500 ft but, because of the high capacity involved, this length ro-
quires high—-gain amplifiers, which are necossarily sensitive to spurious
celectrical signals. In order to minimize the signal attonuatien caused by
long cablos, shert cables hava boen used in conjunctiocn with impedansa
transducers (ficld preamplificrs) which are placed comparatively closa te
tho gauge. Tho impedance transducers, howsver, have net beon entirely

_satisfactory (see Sec. 5.2). The cablo used must be froe from cable signal
in the rogion expesed to blast, should have veory little diel:ictric absorpticn,
and may Rave to be properly terminated to reduce high-frequency resonances.

Tho advantages of a piezoalectric system arc: (1) the gaugas arc linear
over wido ranges of pressure; (2) tho natural rescnaant froquency of the gaugo
is high; (3) the temperature ccefficionts of the piozooloctric sensitivity
of some piezcuslectric substances, such s quartz and tourmaline, are vory
low; (4) cortain piezcelactric crystals, namely, quartz and tourmalino, have
proven to be vory durable.
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The disadvantages aro: (1) Tho low=froquency rosponso is linited by
the attainablo leakage resistance of the gaugo and cable. (This is, in prac-
tice, a limiting factor for blast moasuremonts on only tho vory lar:ast
charges.) (2) Tho gauges are very sensitivo to thermal changes (pyroelectric
effoct). (3) High-gain amplifiors are frequontlx nocossary so that tho sys—
ten is oasily affocted by extranecus signals. (L) It is sometimes difficult
to maintain vory high impedance in the gauze cables. (5) high-irmpadance
cablos are susceptible to pickup of sigmals from external sources such as
radio transmitters, power linos, and so forth.

Piezoelectric gauges are, thereforo, more suitable for measursients on
small chargos than on very large charges.

(g) Condenser=microphone gaupas. — Condénscr-microphone pauges for use
in blast measurowents usually consist of two metal diaphragris which serve
as plates of a condenser and which can be strainad by an external forco, thus
changing the capacity of the gaugo. Stiff diaphragms must be used in order

- to obtain a sufficiently high natural resonant frogquoncy. This results in

a sensitivity (that is, change in capacity with prossuro) which, for the
measurement of blast from small charges, is iuch smaller than for the
measuroment of the pressures from largs charges. The sensitivity cf a
condenser-microphono gauge used with a frequency-modulated system, howovor,
is probably considerably greater for the mezsurement of blast from largoe
charges than is the sensitivity of a plezoelectric-grstem. Tho range of
pressures to which a singlo diaphragm responds linoarly is limited, and
consequently difforent diaphragmns have to be usod to cover the entirec rangoe
of prossuros that is of intorest.

A numbor of schomes for using condansor-microphon: gauges to measuro
prossvros in internal combustion onginos have boen developod, and some uso
has been made of condonscr gauges for measuring prossuros in gun barrols,
In most of thecso systems tho variation in capacity is uwsed to modulato tho
amplitude of a radio~frequency carrior wave [2, 10, 11]. In scas of thosc
systems, particularly the one dovclopod at Genoral Motors [10, 11], cable
noiso is reducod by cablo-matching nctworis at the gaugo and tho rocording
equipmunti’ Sy PG 3

Two tochniques for moasuring air blast with condensor-microphonc gauges
havo beon devoloped in which ths capacity variation.is ugad. to. gencrate a
froquency-modulatod carrior wava.  Tho systom devolopad at tho Ballistic
Rosoarch laboratory [12] uses a very short connoction botwoan tho gaugo and
the modulatad oscillator, while the system develcpod at Princcton Univorsity
[13] 15 made to adapt cablos up to 1000 £t botwasn tho gaugo and oscillator,
Froquency-modulatod systaems ara undoubtodlr praferabls to amplitude-modulatod
systaems becauso thoy aro loss suscoptiblo to spurious signals. Although
high=gain amplifiors are roquired, most of the gain is in tuned radio-
froquency or intermediate-froquency stagoes; and the wids-band gain rojuired,
which deponds on the linoar rangc of tho discriminators (froguoncy dotoctors),
is rolativoly low. Since tho gain nocessary in direct~couplod armplifiocrs
between tho discriminator and the rocording dovice is not vory high, a dircct~
couplod amplifior is oasily constructed so that the ovor-all systom can be
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mado sensitive to static pressurce. For experimental problems in vhich radio
transmission is required, bocause the gauze cannot be connected directly to
the recording equipment, frequency-modulation techniques are probably the
‘most satisfactory. -

A unique method of measuring positive irpulse with a frequency-modulated
systen was developed at the Ballistic Research Laboratory. The frequoncy—
modulated carrier ie heterodyned'to an intermediate frequency in the audio
range, and this is impressod on a neon tubo. The dots produced on ths neon
tube are modulated by the pressurs signal, and the nurber of dote in the posi=-
tive phase of the pressure-time curve in oxcess of the nurber of dots from tho
unmodulated intermediate frequency is the excess pressure in the wave. If
the frequency of the unmodulated carrier is kmown or calibrated, the positive
impulse can be obtained by counting dots on a photograph of the neon bulb,
This tecimiqus has been used for the measvrement of the pressure wave from
large chargee where low-frequency dots give sufficient resolution, but it
may not be practical vhen used to ieasurc the blast from small charges.

The advantagoe of a frequency-modilated condenser-microphone systom are:
(1) The gauge is sonsitive tc static as well as dynamic pressure, and the
eystem is sufficiently sensitive to use with direct~coupled amplifiers.
(2) It is not particularly sensitive to temperature changes and for most
applications can probably be made entirely free from pyroelectric signal,
(3) This system ehould be relatively -insounsitive to spurious eignals.
(L) Recording equipment of this type, being froquency-modulated, is more
practical for radio transmission than is cither an amplitude-modulated sys—
tem or a gystom which doos not inherently involva a modulated—-carrier wave,
(5) A rapid method of obtaining the positive i:pulse from the rocords is
practical for large charge measuroments. The disadvantage is: (1) A dia-
phragm gauge has a lower natural rosonant frequency of oscillation than a
crystal gauge. (Cauges of sufficient sensitivity havo beén made with a
resonant froquency of about 100 kc/sec [131k

The condenser-migrophone gauge may well. prove to be the most practical
type of gauga, buy at ‘present it has not boon usod very extensively and may
contain inherent difficultice which have not yct been roalized. It must be
kept in mind that the precision and band width of ordinary F'! circuits arc
not designed to moet the standards roquired for accurate blast measurcments,

(c) Resistance~etrain gauges., — A zauge developed at the David ii. Taylor
Model E@éﬁ [1L] makos use ET the fact that the etretching of a wirs producss
a change in its clectrical reeistanco. In these gauges a spiral lgyer of
fine Advance wirc is cemontad to the back of a diaphragm vhich is deformed
by the blast, The resistanca clement is vsod as part cf a voltage divider |
so that changes in resistance are converted into voltage fluctuations which-
can be transmitted to the amplifiors over low-imp:danco lincs,

The resonant frequency of the diaphragm in the T.B gauge is of the order
of 30 kc/soc, which is considerably lower than the rasonant frequency of the
condensor-microphone gauges developed at Princeton. An clectronic filter is
used at Taylor liodel Basin to remove the resonant oecillations of the gauge
from the output of the amplificr. For gancral use the 9MB gauge is loss
sensitive than piezoclectric gauges.
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; Strain-type gauges respond to etatic pressures but the thermal sensitivity
of reeistance wiree ie comparable to thoir pressure sensitivity, so that
thermal signal linits the usable low-freguecncy responso,- ihe TiB gauge was
developed primarily for the measuremsnt of gun blast, and apparently the
thermal eonsitivity has not been troublesome for that type of measurement.

It may be poesible to compeneate for the thermal sensitivity of these zaugos
by balancing the resistance element in the gauge with an identical element,
not exposed to the blast, in a bridge network. Strain gauges, made by the
Baldwin-Southwark Division of the Baldwin locomotive Corporation for the
measurement of etatic strain, use thie type of temperature compensation.

The TiB gauges are of tho single disphragm type, and precautions have
had to be taken to oliminate acceleration efiects [1L].

Tho advantagee of a rosistance-etrain gauge are: (1) It is seneitive

to etatic preseuro. (2) The offect of blast on the gauge cable is relatively
small., The disadvantages are: (1) The gauge is insensitive, and consaquently
direct~coupled amplifiers of sufficient gain are difficult to construct, so
that uee cannot be made of the static sensitivity. (2) Becauso of the high
gain, the system is seneitive to epurious signals. (3) Tho gauges are sonsi-
tive to thermal signals. (U) Tho natural resonant froquency of gaugoe which
have been constructed is low. (5) Accoleration offocts are more troublesome
than with other types of gauges.




Chapter 2
OUTLINE OF AIR-BLAST EQUIXII2IT USED AT UERL

The equipment in use at ULRL for the ueasurcnent ot air blast cwplors
tourmaline piezoeloctric gauges, and tho olectronic equipment has boen
dosigned primarily to record the transiont signal genorated by =2 piezo-
éloctric gauge exposed tc a shock wave from a high explosivo in air. Othor
electronic oquipment has been designed at UZERL for the measuroment of under—
water shock waves [33].

The tourmalino gaugos mually consist of from four to eight circular
dlacs. 7/8 to 1-5/8 in. in diamctor and havc a sonsitivity ranging fionm 20
to 100 ppcoulomb/ (1b/in2)

The gauge is connectod to an amplifier Ly coaxial shizlded cables from
50 to 1500 ft in length shich havo capacitics ranging from 20 to 4O uuf/ft,
These cablos are selccted to hava very littlo noiso (cablo signal) and
dielectric absorption, and whon long cablos are used they ars provided with
terminations to roduce high-froquency distortion. In some cases, fiold preo-
amplifiers aro employod to reduce the canacltative attonuation of tho gauge
signal which 1s Introduced by a long cablo. When field preamplifiers are
used a low-impedanco coaxial lino is comnucted betweon the preamplifior and
the amplifier at the rocording station,

Tho amplifiers have a maximum usable gain of 96 db (60,000), a high
input resistance, and a high-frequoncy respcnse down 3 db (30 porcent) at

from 70 te 100 kc/sec. The bost rosponsc to a unit step is flat for a maxi-
mum of 60 msec, The gain of tho amplifiers is adjustable. Two typos of
amplifiers are employed: push-pull amplifiors dosignod spocially for air-
blast measuroments, which ars included in a mobilo laboratory; and modifiod
commercial oscillographs, vhich arc used with preamplificrs.

The signal from the amplificrs is apnlidd to cathode-ray tubos, and
oscillograms arc photographod on fixed- or moving~film camoras. Tho time
baso is provided cither by the moving-film camera or, whién fixed=-film cameras
are usod, by olectronic singlo-swocp genorators. The escillograph trace is
brightened by an eloctrenic boam=brightencr synchronized with the explosion
by blast~cperated switchas or by a soquenco dovico connocted into tho eloc=
trical circuit which initiates tha detonation, Whon swoop-gonsrators arc
employed, thoy aro synchronized with the “rossuro wave in tho same manncr.

Tho gaugos are calibrated under static and dynamic conditions and hold
their calibrations for fairly long poriods of timo. The ovor-all amplituda
sonsitivity, excluding tho gaugo sonsitivity, is calibrated with a unit sto»
of voltage of knovn amplitudo immediately bofeoro and after aach recording,
and tho time baso is calibratod during the rocording or immediatoly precoding
it.
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Calibration, switching and testing circuits are intor—connocted in a
mastor switching systom, called a mastor contrcl, to provido rapid and simplo
functioning of tho oquipmont. The mastor control alsc reduccs tho possi-
bilitics of human orror in oporation, .

A simplifiod block diagram of a system with a moving=-film (rotating-
drum) camora is shown in Fig. 2. :

In the fcllowing‘chapters of this report the requiremonts and daeserip-
tion of the individual compononts of tho UZRL air-blast equipment arc
given. These chapters are followed by a deacription of tho comulete units
involved in the two gystoms employod, tho one involving a mobilo lsboratory
dosigned specifically for air-blast measuroments, and tho other omploying
the cloctronic cquipmant nocossary toc adapt a commorcial oscillograph to
this type of moasuromoent.
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it 1s not hydrostatically sensitive, but at thec same timo it is not as sensi-
tive to pyroelectric signals as is tourmalina. Quartz.gaugos have boon usod

by the Road Resoarch Laboratory and the irmanent Resvarch Department of Groat
Britain, by the Princoton Univorsity 8tation of Division 2, !IDRC, [16] and

by the Ballistic Rescarch lLaboratory at Abordeen Proving Ground,

M = The aloctrical and mochanical characteristics
of are a entical to those of quartz exccpt that tourmaline
is hydrostatically sensitive and does not roquiro a hdbusing. Since, in ordor
to reduce the offaots of air flow, it is nocossary to surround an air-blast
pressure gaugo with a baffle, the fact that tourmaline is hydrostatically
sensitive and, therefors, does not ruquirc a housing is not as great an ad-
vantage in alr-blast gauges as it is in gaugos for tho measuraoment of undor-
water shock waves. Tourmaline gaugos appear to be more sensitive to pyro-
cloctric signals than British-typoe quartz gauges. Tourmalino has boon usad
extensively for underwater shock-wave studios both at tho David W, Taylor
Modol Basin and at UERL, and it has boon omployed almost exclusively for’
air-blast mecasuroments at UERL and the Stanclind 01l and Gas Company. Foiro
rocontly it has boen usod at the Ballistic Resoarch Laboratory and at
Princoton Univorsity.

(a)

Rochelle salt gauges. —— Rocholle salt is about 100 times more
sonsitive than m-nﬂﬁo Eﬁ quartz.

It 1s not hydrostat ically scnsitive
and has a Curic point in the neighborhood of room temperature so that the
plozocloctric constant has a marked temporaturs dopendonce. The dependenco
of tho sonsitivity of a Rochelle salt gauge on temperature is duo primarily
to a change in the oquivalont capacity of tho crystal, so that if no curront

is drawm from a Rochello salt gaugo the omf produced is rolatively independent
. of tamperature,

Two mothods for using Rechoella salt blast gaugos hava boon proposod in
which tho blast measursments would not beo-affocted by tho sonsitivity of
the gauge to tomperature: onc technique is capablo of dotormining the posi-
tive impulsc in thg pressura wavo but doos not give a measuromont of the
poak pressure. In this mothod tho pressurs in the blast :rave at tho point
whore the Rocheollo salt gaugo is locatod is determined by an indopendent
moasuramont, such as by moasuromont of tho voloclity of propagation of tho
shock wavo t1 7], and 1is usod to calibratc tho sonsitivity of tho gaugo at
tho instant tho rocording is mado.

The socond technique involves tho use of a low-capacity vory high-
impedanco gaugo circult which draws nogligible curront from the crystal.
This mothod is limitod by the vialuos of l.akags rosistance that can be
maintainod in the gauge circuit, and it also requires a non-microphonic
preamplifior. - At temperatursas over 90° F it has boen found that tho im-
podanco of Rochello salt gauges mnde by tho Brush Dovelopmont Company drops

to a valuc 23 low as L4 mogohms s honce tho sccond mothod is not practical in
varm woathor.
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Rochello solt has ~iso bean found to introduce a distortion vhich is
oquivalent ‘to a rising rospensc to a unit step [3]. Its mochanical charace
toristics are alsc poor, and consoquently Rocholle salt is not well adaptod
to quantitative amplitude maasurements, although it is uscful for producing
gignals for timing or symchronization nurncses.

(o) ADP gmmgos, ~= Ammonium dihydrogen phosshate (ADP) is similor to
Rocholle s excent that its sensitivity is lower, its temperature depend:nc
i3 not as marked and its leakage rosistance is somewhat hipher than th

lattor, although not comporuble to that of quartz and tourmaline. It vas

at ono time uscd at. the Ballistic Rescarch labcratory.

(f) Lithiw sulfate gavzes. =—- Lithium sulfate has boon introducod only
recently, and ver:s littlc information on the characteristics of gluges mado
from this substance is available, =

3.2. Construction of tourmaline gaugos

The tourmalino gouges in usz at UZRL nre an outgrowth of gaugos oripgi-
nally developoed at Harvard Universiiy in the £211 of 19L2 [18]. The dusign
of thosc gaugos vms.basad on previocus exporiasnce vwith zauges foer undormtor
uss. The construction and furthor development of tourmaline gauges vmas
continued by the Stanclind 0il and Gas Company [19, 20, 21], and more recently
by the Recvos Sound Laboratorics and the Cambridgs Thormdionic Corporation [22],
Only a brief description of the gauges vill be given hore; moro detailed
information .will be found in Rof, 6 and Refs. 19 to 22, inclusive,

(a) Goncral characteristics. —~ Tho sensitivity of a tourmaline gauge
is proportional tc the area of the crystal; thus large crysatals arc nocossary
to obtain high sensitivity. The size of the crystals usod in a2 gauge has
usually ocen restricted; by tho. mechanical characteristics and slze of tho
available tourmnline, fo @ diamotor .of avout 1=5/U in. A sin;lo disk of
this sizo has a2 sensitivity approximatoly oqual e 24 ;Lp.cc',tlorb/(lb/in’.’),
but most gauges usod at UERL consist of four disks, forming a four-pile gauge,
with a maximmsonsitiviity of about 95 ppucoulerb/(1b/in%).

- The maximm diamotor is also limitod by the gruge crossing timo [soo
Soc. 1.1(d)}, and for the moasurement of blast from very mull chavrges, 2.
gaugs diamoter as smll as 1/8 in. is nocessary.  Ths spallost stond: rd
air-blast gauge at UZRL, however, has baon 7/8 in, in diamctor,

Tho problem of reducing the nonlin:arity introducsd by tho nir-flow
effoct is being invastigatod at the time of writing. Thooretical invogti-
gations, [23, 2L] 2s well as some exvorimentnl informntion [8), indicate
that the ratic of ihc thickness to the diamcter of the gauge, vhich is
known as thoe nspect, should be small 2nd that the sonaitive prrt of the
gnuge should be in the conter of a baffle,

The pyroclectric signal produccd in a gauge by tho incroase in the
tomperature of the air bshind the ghcek wave and by tho thermal radintion
from the cxplesion is rcocducud in UERL gaugos by ceating the gauge vith a
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thermal insulating material. This insulation delnys the flow of heat to the
gaugo olemcnts until the recording has boen comploted. Abcut 1/8 in, of
insulation is sufficient to provent spurious signals from intorforing vith
meoasurements on all but the largest high—-oxplosive charges,.but explosions
of very long duration, such as those oncountercd in moasurements of blast

in enclosed spaces, require groater insulation. Detalls of the caleulation
of the heat flow through tho insulation arc given in Ref. 25 and tho ox~
porimental probleoms encountored ara describod in Rof. 6. Gauges should bo
coverod with a light—-colored coating to roduce the absorption of radiation,
Although this thermal insulation is affcctive in climinating pyroclectric
signal causod by toemperaturc changes from most cxplesions, local tomporaturo
changes in the air or variations in the intonsity of sclar radiation strildng
the gmge moy, if the oquipment has a long over-all timo constant, causc
drift of the oscillograph spot. Theso offacts arc particularly noticosblo
on partly cloudy days vwhen the sunlight striking tho gaugo is of variablc
intensity, whon it is very windy, and whon it is snowing. At times pyro-
clectric signals of this-typo have boen so large that tha cscillograph

trace has been deflucted off tho screcon of tho cathode-ray tube, cmusing

the loss of the blast record, and this kind of signal limits the usable low-
frequency rosponse of tho recerding systeil, British-type quartz gauges J
show a much smaller rosponsc to pyroclectric drift than UERL tourmaline
gaugos.

The olectrical signals vhich occur sirmltancously with an oxplosion
- are picked ‘up by an unshiclded gaugo and caugso a displacemont of tho cs-
clllograph trace before or during the timc the blast wavo strikes tho gauga.
An cloctric shiold complotoly surrounding the gauge olemcnts and attachod
to the cable shicld by a sacurc low-resistonco connsction climinates this
signal entirely.

The mechanical strongth nocessary in a gauge depends on tho prossurcs
to which it is subjecctod, and tho tourmalino gaugos have had to bo roinforced
with a motal tab for use at prossurcs above 10 tc 15 lb/in2

The cables to which tho gaugos aro attachod aro of spceial types which
are solocted to have a minimum amount of coble signal. Those types aroc
described in Chap., k.. A spurious signal similar to cablo signal can ariso
in the gauge if thore is insulation prascnt between the gaugo shield and the
signal cloctrodes, sc that gauges ars assorblod in an arrangement vhich
minimizos the aroa of the sonsitive clom:nts in contact with insul-tion.

(p) Doscription of spocific gaugo 03. — Tho gauges in uso at presont
arc manufactur Yy tho Cambridgo rmionic Corporaticn and consist of four
tourmaline disks built around a central stoel tab. Tho tournaline disks
are made up vi th a standard thickness of about 0,04 in., although disks as
thin as 0,025 in., havo been used, and with diamotors of 7/8, 1-1/8, and
1-=5/8 in., Electrodos arc applicd to the faces of theso disks by coating
with a silvor paint and baking. Two of thosc disks, with a thin foil of
solder botwoon adjacont facos, are placed on eithor sido of tho stcol tab,
which is 1/16 in, thick, and the wholo assombly clamned and swoatod togothor
in an oven. Thin fans of wire, inserted botwoen cach pair of disks boforo
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sweating, arc soldorod togothor and to tho live leads of tho cablo, After
the edges of tho disks havo been insulated with latex, tho stool tab and tho
outsido faces of the disks aro connccted together and to tho cable shiold
by applying a.layer of conducting paint, which sorves as an olectrostatic
shiold. A strong and rigid structuro is obtainod by fitting the stcol ta2b
of tho gauge into a brass tube fastened to the cablo, which is usually a
lead=shoathed csblo about 18 in. long. Tho gauge is coated with woax or 2
rubber=like compound to provide thermal insulation and weathorproofing.

Gauges were originally built without a metal center tab, but thay could
not bo employed rcliably for the measuroment of pressures zbove 10 to 15 1b/in%
bocauso the nack of this typo of gauge was too woak. Tho prosent gauges have
been used succossfully up to 150 1b/in%, which is tho highast pressurc to
which thoy have been exposed. Thoso steol-tab gauges havu not bocn used "face-
on" to the blast but it was found that brass-tab gauges bend whon usod "faco-on'
at preasuro of 200 to 300 1b/in3

Recently bafflod gzvgos have been designod for the purpose of reducing
the offect of air flow. They consist of four 7/8-in, diamoter disks sur—
rounded by an annular brass ring with an outside dimetor of 2.7 in. and a
thickness of 0,35 in., It is hoped that thoso gauges will show less non-
linearity to dynamic pressuro than the oldor typo gauges, but they have not
yot boon oxhaustivoly invostigated [8]. Gauges which can bo flush-mountod
in a baffle of any sizo or in tho ground have alsc beon dasigned but have
not yot becen tasted [3].

Tho gaugos which aave beon describod are intended primarily for uso with
unbalanced gauge cablzs but othar types of gaugos have been dosigned as—
pocially for uso with balanced lines. Tho advantagus of 2 balanced syston

aro doscribad in Soc. l.1(a). Two typos of push-pull gauge arrangomonts
have boon dovoloped: Typo 1 contnins ono or more crystals ccanocted in
parallel to tho two live leads of. thc cablo and without any connection to
ground; the output voltago from a gaugo of this sort is ap roximately
proportional to twico tho chargs developod by the gaugo divided by ths almost
oqual capacity of oach lead of the cable ground (sco Chap. 7).

Type 2 push=pull gaugo arrangerent can bo mado from two ordin~ry gaugos
intended for usc with an unbalanced lino: A positive gaugo, which is ono
which givos a pcsitivo signal whon subjoctod to an increase in prossuro, is
connocted botweon one lead of the cablo and ground, and a negntivo gaugo is
connoctod botwecn tho othor lead of tho cablo and ground., The output voltage
of gmges of oqual scnsitivity connected in this arrangement is ap roximately
oqual to tho chargo duvelopod by tho gauge divided by tho almost oqual
capacity of cach laad of tho cablo to ground. Thus tho sonsitivity of oach
of tho gauges usod in this circuit rmst bo oqual to tho scnsitivity of a
gsinglo push-pull gaugo of Typc 1 if tho same output signal is to bo obtainad
from both arrangernents.

Type 2 push~-pull gauge arrangements containing two ordinary single-
ended gaugos of opnosite polarity, as well as Typo 1 push-pull gauges, havo
been used at this laboratory. The Tyno 1 push-pull gauges which havo been
made in the past have not been vory satisfactory becauso of their poar
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construction., They are subject to a signal similar to cable signal from tho
insulation required botween the live electrodos and the gaugo shield; and
although theo use of glass disks as an insulating material eliminates this
cable signal, the disks increaseo the aspect of the gauge and consoquontly
acceontuate the offoct of air flow.

The metal contral-tab dosign is particularly woll adapted to the con-
struction of integral Type 2 gauge units in which the pairs of crystals
mounted on either sido of the central tab have opposite polarity. Cauges of
this type have not yet boen tosted at this laboratory.

Dunmy gauges aro employed to test for spurious signal in the gauges
and gaugo cables. Dummies aro identical in construction to their prototype
gaugos except that they contain plated glass disks instoad of tourmaline
disks.

Tho results of blast nic~surenents made at UZRL with tourmalino gauges
aro described in Chap. 1k.




Chapter kL

CHARACTERISTICS OF CABLES

The cables used in the gauge circuit ef piezoelectric blast=measurin
equipment must fulfill conditions which are peculiar to this particulnr
application,

The first part of this chapter deals with the requirements
impesed en these cables and with the properties cf cables which have been
used at ULRL,

The secend part of the chapter is coencerned with the cables
employed in cther circuits of the blast—~measuring equipment, and the third

part with the high-frequency transfer characteristics of cables used in
transmitting the gauge signal.

Cables for use with piezcelectric gauges in equipment employed for the
study of underwater sheck waves are described in Ref. 26.

The discussion

of the dielectric preperties and high-frequency terminatien ef cables, which
is presented in detail in this reference, anslies alsc to cables for use in
the measurement of air blast with piezecelectric gauges.

b1,

Gauge cables

(a) Requirements of gauge cablos. — (i) Capacity. In order to reduce
signal attenuation to a minimum the capzacity in the gauge circuit sheuld be
' 0 i low.

The capacity, C, of a coaxial cable, in muf/f%, is

¢ moJtedk (4.1)
1ogyo CE) .

where a is the dismetor of the central conducter, b the diameter of the

shield; and k the dielectric constant of the insulation. Thus a cable
with a small central conducter, a large shield diamoter, and a small die-
lectric censtant is desirable.

Ordinarily cables with capacities of 20
to LO uuf/ft have been used, although spccially designed cables ceuld probably
be made wvith a smaller capacity wdthout an excessive increasec in size.

(11) Cable signal. A potential difference is develeped batween the
conductors eof most cables with high-resistance terminatien when they are
subjected te a pressure wave and vhen they are bent er kinked, a phencmena

“which is called cable signal or cable neisc.

Te soms extent cable signal
secems te depend on the longth of line oxpesed te the blast and the magnitude
of the pressurc and impulse in tho sheck wave.

It is balieved that this
effect is caused by an electrestatic charge develeped by frictien betwgen the
conducters and insulatien eof the cable and is net due te a change in its

capacity. The most convincing evidence concorning the nature ef cable signal

is previded by thc great reduction in the signal frem cables with pelyethylene
dielectric whon the surfaces betwoen the insulation and conductors ef the
cable arc ccated with graphito.

This is discussed in detail in the fellowing.

- 27 -
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Cable signal is investigatod by exposing a cable tec the blast withcout
attaching a gauge. Usually the cable is laid out so that is lies along a
radius from an explosive charge, which corraesponds to the layout used for
recording a pressure~time curve, but on somo tests it is stretched out in
a straight line and the charge placed along the perpendicular bisscter te
the cable, To test tho possibility that a spurious signal of this sort may
arise either in gauges or in connoctors, a dummy gauge or an unattached plug
is connected to the end of the cable and exposed to the blast. The signal
from thae cable is recerded in the usual mannier for recording blast waves
except that the amplificrs arce op:rated at naximum sonsitivity.

The results of tosts of this type are extromely difficult tc analyze
because thay are not reproducible. In general, tha signal producod by a
cable laid out along a radius from the charge gradually increascs in magni-
tade to a positive or negative maxirmm a short time after tha cable is struck
by the blast and then may oither incrcase, decrease, or remain at dbout the
same level, for somo time, Frequently therc are nc gharp discontinuitios
in the slopo of the rocord, but there are many cxcoptions, and discontinuities
may occur if the cable is laid out with sharp bends. From shot to shot a
given cable does nct nacessarily produce tho same type of rccerd, cr even
give rise to a signal of the samo pelarity, and in somo cablas the signal
decroasos with incroassd exposure to the blast, If the cable is not used
for a weck or so it sooms to rosume its original condition and tho signal
bocomes as large as it was before being subjected to the prossurc wave, The
signal from cables vhich are relatively insonsitive tc blast prossurcs is
usually more raoproducible than tho signal from the more scnsitivoe cables.

The signal from a dummy gauge or a plug is usually of short duraticn.

In'recording a prossurc wave, tho-cable is'led back directly from tho
gauge sc that cable signal, excopt that aris:lng in the gauge itsolf does
net affect the peak pressurc. Cublo signal constitutas a serious problcm %
becausa, by virtue of the long duration of the spurious signal, the measuro~-
monts of positive impulse and pesitive duration may be anpr\.ciably distortod.
For oxamplo, suppose that the cablo signal can be roughly roprasented by a

signal of constant amplitudo (that is, a step wave) oqual te 5 percent of

the peak pressuré recerded by the gaugo: the apparent impulse due te cable
signal would thon be 10 percent of tho truc positive impulsc in a linoarly
decaying praessure-time curve. ‘If the prossure~time curve of the blast wavo
wora of exponential shape, and if it wero intcgrated to four timss its time
constant, the apparent impulso duc to cablo sigmi would be 20 porcont of
the true impulse in the wave.. The actual error in tho.impulsc may be oithor
nogative cor pesitive, and is usually not censistent from cne shot te the noxt.

In additicn to being a2 diroct offact of blnst, cable ‘signal has othor
causcs. The bow-wavas of fragments from cased chargos produce hash of audic
froquencics on the more sonsitive cibles, and slight winds have caused 2
slowly varying signal from scnsitive cablcs lying on tall grass. In onc
sorics of measurcments scismic waves throuzh the ground gave rise to a sig-
nal in cablcs lying on tho ground.
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Cable signal can be reduced by: (1) using sensitivo gauges so that tho
cablo signal becomés a nogligible fraction of the gauge signal; (2) doveloping,
if possibls, cablos which ara frco from signal; (3% protecting the cablos
from the direcct action of the blast; and (L) using "balanced™ cablos. In
practice, the gauge sonsitivity cannot bo made larg: onough to ovarcoms the
cffect of cablo signal because both tho diameter and thicknoss of tho gaugos
are rostrictod by conditions ‘described in the provious chapter. Tho second
and third alternatives have proven to bo tho most practical.

A nunber of different types of cable have been tosted for sonsitivity
to blast at this laboratory. Tho cablo vhich gives riso to the smallest sie—
nal is British Telconax, and that giving rise to tho greatost are cablos with
polyethylene (polythonos diolactric. Cables with Amphenol Copolanc B dic-
lectric, which is a copolymsr resin of butene, may havo shown a groater amount
of cable signal than cables with polyothylcne dieloctric, but tho usual cablus’
with oither of theso dieloctrics prcduce signals so larga that an cxact
comparison is not of much practical importance. Cablas with boadod polysty—-
rono insulators have also shown vory high sonsitivity to blast.

When protocted from tho diroct action of the pressurc wavo by threading
through thin-walled clactrical motallic tubing (EMT), wator pipo, rigid
oloctrical conduit, or flaxible olactrical mctallic tubing (Greenfield),
cables havo shown a definite decreaso in thoir scnsitivity to blast, and
protection of this type is also effectivo in roducing cablo signal from
fragment bow=waves. Tho pipa, or tubing, is friquontly buriod in, the ground
as additional proteéctiom., Although simplo gauge mounts adaptod to BUT.or
conduit ars used-at UERL (soe Chap: 13), laying.thc cables and transporting
the tubing for protection of: long. longths;of cable is inconveniont,

If a spurioui signal, ‘such as'onc duo to tho blast scnsitivity of a
cable,’ is of tho samo polarity in two 1linos, or in the two sidas of a balancod
line, it should be possiblo to oliminato the signal by using push-pull cablos.
Tho following balanced’ systoms have boan used in an 2ttempt to roduco cable
signal: (1) ono push-pull gauge; (2) two singlo-ondod gauges of opposite
polarity; (3) ono single-ondod gaugo and 2 tiwin. cable , ono conductor of which
is left floating but ‘shisldad. Tho -only balmncad cablos tostod ware rubbor—
microphono cablos, but pairs of singlo=conductor cablas of othor typos have
beon omployod. It was found in some cases, that a balancad cablo roducos
tho cablo signal from dirsct-blast by as much as a factor of two, but that
in gonoral cablo signal is not sufficiontly reproducibls to be balanced out
complotoly in this ma